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ABSTRACT: The zero-order approximate solution for the currents along thin antennae is 
used to study the behavior of a received voltage pulse across the terminals of a thin dipole 
placed at the far zone of a thin transmitting dipole excited by a single-cycle sinusoidal voltage. 
It is found that each of the four distinct electric field pulses which the transmitting dipole 
radiates, induces four distinct (although overlapping) voltage pulses at the discontinuities of 
the receiving dipole antenna. Although the exciting voltage is single-cycle, the time duration 
of the incident electric field and the induced received voltage is lengthened by 1.5 cycles and 
up to 2 cycles, respectively. The receiving antenna behaves like an integrating circuit. The 
spectra of the short-pulse radiated field and the received voltage have peak values at frequencies 
higher than the carrier frequency £9 of the exciting single-cycle sinusoidal voltage. 


I. Introduction 


Figure | shows the geometry of the problem. The transmitting dipole AOB of 
length 2/ and radius a, oriented along the z-axis of a coordinate system (x, y, z), 1s 
excited at its center O (which is also the origin of this coordinate system) by a 
single-cycle sinusoidal voltage Vo sin wot of duration T. A receiving dipole 4,PB, 
of length 2/and radius bis placed along the z,-axis of another rectangular coordinate 
system (x,, y,, Z,). The center of the receiving dipole P(ro, 49, 69), which is the origin 
of the coordinate system (x,,y,,zZ,), 1s in the far field of the transmitting dipole 
AOB with |OP| = ry. The lines parallel to the y- and z-axes are also shown with 
reference to the receiving dipole. The orientation of the receiving dipole can also 
be specified by two angles y and w, where x is the angle between PA, and the z- 
axis, and wy is the angle between the x-axis and the projection of PA, in the x—y 
plane. One may introduce the Eulerian angles to relate the two coordinate systems 
(x, y,z) and (X,, y,, Z,). 

In an earlier work (1), we studied the characteristics of the radiated electric field 
from a thin half-wave dipole in free space excited by a single-cycle sinusoidal 
voltage with angular carrier frequency w,. This was investigated analytically by 
using an approximation which consisted in retaining only the zero-order solution 
for the current along the antenna in the frequency domain. This model of a 
transmitting dipole and its associated input impedance, which is based on a zero- 
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Fic. 1. Transmitting and receiving dipole antennae (they may not be in the same plane). 


order approximation of the current without incorporating any radiation damping, 
was also considered by Franceschetti and Papas (2). This model appears to be 
adequate as long as the observation point is far away from a thin transmitting 
dipole. For a suitably matched dipole, it was shown in (1) that the time-dependent 
radiated electric field was made of five overlapping pulses, indicating that radiation 
took place only from the discontinuities of the dipole antenna. In addition, it was 
found that both the current and the radiated electric field were extended in time 
due to the reflection of the current from the end points of the dipole. The spectral 
bandwidth of the radiated electric field was narrower than that of the exciting 
voltage pulse. On observing such characteristics of the radiation of a pulse from a 
transmitting dipole antenna, one is led to inquire, ““What will be the behavior of 
the voltage received by a similar receiving dipole, upon which the above-mentioned 
radiated field is incident?’’ The present work is devoted to answer that question 
using assumptions and approximations similar to those made in Ref. (1). 

The problem is first formulated in the frequency domain subject to the approxi- 
mations mentioned above. To obtain the time-dependent received voltage, the 
inverse Laplace transform is used with s = jw, where s and w are the Laplace and 
the Fourier transform variables, respectively. This transform method is based on 
the assumption that the computed frequency response of the system is valid for all 
frequencies. This is not always true, especially when some approximations are used 
in obtaining the frequency response. Therefore, the time domain result obtained 
in this way is not exact. Nevertheless, the present result can be interpreted readily 
and exhibits the dominant mechanisms of radiation and reception by a dipole. 
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It is found that each incident pulse which is radiated by the transmitting dipole, 
induces five pulses at the receiving input terminals via five different paths. Since two 
of these pulses or signals look alike, because they have the same phase, only four 
distinct overlapping signals are induced at the center terminals of the receiving 
dipole antenna. It should be pointed out that in an actual situation a transmitting 
dipole will radiate many signals (although with diminished amplitudes), instead of 
four distinct signals. The reason for this is that the zero-order approximation allows 
the transmitting current to be reflected only once from each end point. Among 
other characteristics of the received voltage, it is interesting to note that in order 
to receive the maximum energy from such radiated pulses, the receiver must be 
tuned to a frequency about 25% higher than the carrier frequency f) of the 
single-cycle exciting sinusoidal voltage. This is a sharp departure from the tuning 
requirement for the reception of CW signals. Detailed discussions of theoretical 
analysis and numerical results are presented in the following sections. 


I. Analysis 


Our objective here is to calculate the open circuit induced voltage across the 
terminals of the receiving dipole upon which the radiated field from the transmitting 
antenna is incident (Fig. 1). From this result the voltage across a receiving load 
impedance Z, can be determined easily. At first, the problem will be formulated in 
the frequency domain. Then the corresponding time domain result will be obtained 
by an application of the Fourier or Laplace transform. In this analysis, we shall 
resort to the same kind of approximation, namely, the use of zero-order current 
distribution along the thin receiving dipole, as was used for the transmitting dipole 
(1). With this background in mind, let us assume that an electromagnetic field, 
represented by its electric vector E'(ro, 80, 69, @) in the frequency domain, is inci- 
dent upon a receiving dipole, the center of which is located at (79,05, @9). The 
coordinates (ry, 89,9) are assigned with respect to the transmitting dipole. Then 
an open circuit voltage Vo-(0,, ¢,; 79,99, 093 @), which we shall simply write as 
Voc(w) for convenience, will be induced across the terminals of the receiving dipole. 
The angles (6,,¢,) measured with respect to the receiving antenna refer to the 
direction of the wave vector of the incident field as seen by an observer at the 
receiving antenna. The induced open circuit voltage Vy¢-(w) then can be expressed 
in the following way (3,4): 


Voc(w) = E'(ro, 00, bo 5 @) f h,(6,, od, 3 @), (1) 


where the vector effective height h,(0,, @,,@) of the receiving antenna is defined by 


h,(0,,@9,@) = — rel A. js (r,, @) exp ji (2%; , dv,. (2) 


In the above relation (2), the subscript r refers to the receiving antenna. For 
example, f, and r, designate a unit vector in a radial direction and the position 
vector of a source element measured from the coordinate system of the receiving 
antenna ; I is a unit dyadic; J,(r,,@) and J,,, are the induced current density and 
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short-circuit current on the receiving antenna. When the receiving dipole is oriented 
along the z,-axis, we have 


t 
h,(6,, prs @) = h,(6,, @) = —6, ei | I(z,, @) exp (: - 2, COS a) dz,, (3) 
ing -1 


where 6, is the unit vector in the @,-direction. For the zero-order approximation of 
the induced-current, the vector effective height can be expressed in the following 


way (1): 
2| co (2 cos a) —Ccos (“| 
e c c 


MS (w/c) sin @,sin(wl/c) (4) 


For a receiving dipole, h,(6;,@) = h,(@,,@), 0;= 6, and /;,=/. Similarly, for a 
transmitting dipole, we have h,(6;,«) = h,(0),@), 0; = 05 and J, = h; 6, is a unit 
vector in the 6)-direction. 

Incidentally, it may be noted that the incident field E'(ro, 09; 69, @), which is the 
radiated electric field from the transmitting dipole antenna, can be expressed in 
terms of the transmitter effective height h,(@),@) (1,3). Then taking the interna] 
impedance of the generator, Z, = Zo, = €9Q,/2a, under which condition there is 
no reflection between the generator and the antenna terminals, then the expression 
for E'(ro, 89, @) becomes (1) : 


E'(rp, 09, @) = — Fob) cos ( cos a )c0s (onie | exp |- 0 (ro vin. 


2nr Zo, Sin Oo 


(5) 

where ¢, denotes the intrinsic impedance of free space, 
Q, = 21n 2h/a) = antenna parameter, (6) 
V(w) = Vowol[l —exp (—iwT)]/(@5 —”), (7) 


and V, is the amplitude of the sinusoidal voltage of duration T. The voltage across 
a load impedance Z, connected across the terminals of the receiving antenna is 
then given by 

Z, Voc(o) Z,E'(ro, 0.) *h,(0,,@) 


EON Gena (Z,+Z,) (8) 


where Z, is the input impedance of the receiving antenna. Thus using the same 
assumptions and approximations made in Ref. (1), we have 


Z, = Z, = —iZo,cot (wl/c), (9a) 
Lo = [oQ,/20 = Co In (21/b)/z. (9b) 
Then the time-dependent receiving load voltage V(r, 0, 0,,¢*) is given by the 


following inverse Laplace transforms of V.(—is): 
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1 i 
Vi(ro; 905 6,, t*) = al V,(—is) e ds, (10) 


where f* = t—ro/c is the retarded time. Then the time-dependent load voltage 
V(r, 90, 8,, *) can be expressed in the following form: 


V (ro, 90, 9,,t*) = G(Boro, 80. 9,) S(O, 9,, t*), (11) 
where 
_ (6, °6,) Vo 
G(Bo, lo, Oo, 0,) = Boro) Q, sin Ao sin 6. (12) 


and S(8o, 8,,t*) 1s the Laplace transform of V; (79, 8, 9,, t*)/G(Bore, 8o, 8,). It may 
be noted that V,(—is) and hence its inverse transform are independent of Q,. 
The time function S(@o, 9,,7*) consists of 25 signals, each of which has time 
duration T and appears at different overlapping time intervals. Since some signals 
have the same phase delays, there are only 16 distinct signals. Assuming that 
T = NT), where n is a positive integer and Ty = 1/f) = a period of a single-cycle, 
the function S(@o, 8,, {*) can be represented in terms of pulse functions U,,(t;) and, 
with i = | to 16, defined by 
U,,(t;) <= U(t)) 7 U(t; a T), a 3) 
where U(t;) and U(#;— T) arc the unit step functions. In particular, 
S(Go, 0., t*) = q(@oti) Unt ) + q(Wotr) Un (tr) —q(Wol3) Un (t3) 
—~ G(Wotg) Un (t4) — Gots) Un (ts) + 9(@ote) Un (te) 
=F q(Wot7) Un (ty) = Q(Mots)U,, (ts) ~~ G(Woty) Un (to) 
+ (Molin) Um(t10) + (Moti 1) Un (E11) — Q(@ot 12) Um (h12) 
+ q(Mol13)Um(t13) —G(@olia) Un(tra) — q(@olis) Un (tis) 
+ G(Woti 6) Un(tie). (14) 


where 
q(@ot;) = COS (oli) —1. (15) 


Each of the quantities ¢,,¢2,...,¢,,4 defined below represents the time taken by an 
individual signal to travel from the input terminals of the transmitting dipole to 
those of the receiving dipole via various paths including the discontinuities (input 
and end points) of both antenna (Fig. 1). 


t; = ¢* = t—r,/c = retarded time associated with the travel time 
along the path OP; (16a) 


tz = t,—2l/c = retarded time associated with the travel time along 
each of the paths, OPA,P and OPB,P, for which the phases are the 
same. This shows that the second term of (14) is contributed by these 
two paths equally ; (16b) 
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t; = t,-l(1—cos 0,)/c = retarded time associated with the travel 
time along the path OA,P; (16c) 


ts = t; -/(1+ cos 6,)/c = retarded time associated with the travel 
time along the path OB,P; (16d) 


t; = ¢,—h(1—cos 6@,)/c = retarded time associated with the travel 
time along the path OAP; (17a) 


t¢=t, hl cos@,)/e /(1—cos @,)/c = retarded time associated 


with the travel time along the path OA4,; (17b) 


t; = t,—hA(1 —cos 6))/e—/(1 + cos 6,)/c = retarded time associated 
with the travel time along the path OAB,P; (17c) 


ts = t,—h(1—cos 6))/c—2l/c = retarded time associated with the 
travel time along each of the paths OAPA,P and OAPB,P. This 
means that the eighth term of (14) is contributed equally by these 
two paths: (17d) 


ty = t, -h(1+cos 69)/c = retarded time associated with the travel 
time along the path OBP; (18a) 


tig = ty —A(1+cos 6)/c—/(1+cos 8,)/c = retarded time associated 
with the travel time along the path OBB,P; (18b) 


t;, = ¢t,—A(l+cos 65)/c—/(1 —cos @,)/¢ = retarded time associated 
with the travel time along the path OBA,P; (18c) 


t). =t,—A(l+cos 6)/c—2//c = retarded time associated with the 
travel time along each of the paths, OBPA,P and OBPB,P. There- 
fore, the 12th term of (14) is contributed equally by these two paths; (18d) 


t); = t, —2h/c = retarded time associated with the travel time along 
each of the paths OAOP and OBOP. This shows that the 13th term 
of (14) is equally contributed by these two paths; (19a) 


ty4 = t; —2h/c—/l(1—cos 0,)/c = retarded time associated with the 
travel time along each of the paths OAOA,P and OBPB,P. Therefore, 
the 14th term of (14) is equally contributed by these two paths; (19b) 


t,5 = ¢t,—2h/c—/({1+cos 0,)/c = retarded time associated with the 
travel time along each of the paths, OAOB,P and OBOB,P. Therefore, 
the 15th term of (14) is equally contributed by these two paths; (19c) 


tig = t,;—2h/c—2l/c = retarded time associated with the travel time 
along each of the paths, OAOPA,P, OAOPB,P, OBOPA,P and 
OBOPB,P. Therefore, the last term of (14) is equally contributed by 
these four paths. (19d) 


In the absence of the receiving dipole, the four distinct signals which would have 
propagated from the transmitting dipole to a distant point P can be identified with 
the terms associated with the travel times f,, fs, fy and 7,3, respectively. 


Journal of the Franklin Institute 
22 Pergamon Press Ltd 


Received Pulse Behavior 


When the receiving and the transmitting dipoles are mutually broadside to each 
other, i.e. when 6, = 2/2 = 6,, one finds that 1; = t4 = t,;—Uc, ts = to = t;—h/c, 
6 =te=ti Hh, =1,—Afe—Ic, tg =t,. =1t,—h/[e—c and t,4=t,5 = t,—2h/c 
—I/c. Therefore, the 16 distinct signals given by Eq. (14) reduce to 9 distinct 
signals. 

The result (14) is obtained via residue calculus. It can also be obtained by using 
some theorems associated with the Laplace transform. In particular, the following 
relations are found to be helpful: 


L~'[exp(—st)L{g()}] = g(t—t) U(t—-t,) (20a) 
L~'[exp {—s(t,+ T)}L{g(t+ T)}] = g@—1, Ut—-1,— T) (20b) 


ft 


1] we--ve-4-} | “ g(t) a:| 


0 


U+T c 
= (1/s) | e-" g(t—t,) dt—(1/s) exp {—s(t,+ T)} | g(t) dt, (20c) 
1; 0 


where the symbols Z and L~! stand for the Laplace transform operation and its 
inverse, respectively. 


f 


| 9 t)[UG—t)-—UC-t Ty de = [Ue —Ue—4—T | gle 1 


i 


ss 
provided | g()dt=0. (21) 


0 


Using these relations, which can be established easily, one can then show from 
(10), that when the cxciting voltage is 


V(t) = VOU, (0), (22) 
where V’,(¢) stands for g(2) in the relations (20a) to (21), then 
Vi(ros O05 9,5 t*)/[y ° G,/{2(ro/c)Q, sin By sin 8,}] 
= — W(t) Un(t1) — W.(t2) Um(t2) + W(t3) Un (ts) 
+ W,(t4)Un(ta) + Wy(t5) Um (ts) — W (16) Um (t6) 
— Wty) Um (t7) — W(t) Um (t3) + Wo(to) Un (to) 
—W(t10) Um tia) — Wot Un (11) + Wi) U (ti) 
— W(t13) Un (ti3) + Wet 4) Uti a) + Wo(t15)Un(tis) — Wo(tis)Um(tie)s (23) 


where 


LF 
0 
The expression (23) shows that the receiving antenna is behaving like an integrating 
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circuit. Similarly, replacing @ by —is in (7) and then taking the inverse Laplace 
transform, the time-dependent radiated electric field can be expressed in the fol- 
lowing manner (using 20a and 20b): 


6, 7 E'(ro, 0, £)/[Eo/(4Zo tro sin 9o)] = V(t) U (ti) — V.(ts)U (ts) 
~~ V(t) U,,{to) + V(t WU, (t13)- (25) 


The corresponding modified zero-order time-dependent antenna current on the 
transmitting dipole can also be represented using the same principle, i.e. 


Tou (2, 0/QZ) = Vi(t—|2|/c)Un(t—lzl/e) 
—V,{t—(2h—|z|)/e} Un{t— (2h—|z))/c)}- (26) 


Observing now the similarities between (25) above and (12) of Ref. (1) and (26) 
above and (13) of Ref. (1), the results (25) and (26) can be interpreted in the 
same manner, i.e. discontinuities of an antenna play a dominant role in radiation 
mechanism. 

Comparing expression (5) and the explicit expression for V,(—is) with s = ia, 
it can be seen that the spectrum of the radiated field from the transmitting dipole 
is not the same as that of the induced load voltage of the receiving dipole. The 
reason for this phenomenon may be explained in the following way. Since antennae 
(the transmitting and the receiving dipoles) behave like frequency filters, the 
frequency spectrum of the incident field is expected to be filtered further by the 
receiving dipole. We have already observed in (1) that when a single-cycle sinusoidal 
voltage excites a transmitting dipole, the spectrum of the radiated field is attenuated 
as well as filtered. 

The expression for the spectrum of the received load voltage when V) = 1 and 
Oy = z/2 = 0,, i.e. when both antennae are mutually at broadside, reduces to 


[BoroV(o)| = — (1—cos wh/c)(1 —cos wife) 


{se {T(@—@)} 


sin oe 
‘T(o—-@) + 


T(o +) 


gece sin? {T(o+»)/2} \ (7) 
~'U To=e)/2 Teo+o)/2 S| 
In (27), the quantity under the absolute value sign multiplied by 7 represents 


the spectrum of the exciting sinusoidal voltage of duration 7. 


Ill. Behavior of the Voltage Received by a Dipole: Discussion of Results 


Figure | shows a receiving dipole A, PB, is in the far field of a transmitting dipole 
antenna AOB excited by a single-cycle sinusoidal voltage Vo sin wot (where 
(o = 2nfo). The induced (or received) voltage V, is measured across a load imped- 
ance Z, connected across the terminals at the center of the receiving dipole. Since 
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it is assumed that Z, is real and independent of frequency, the behaviors of the 
received antenna current and the received voltage are identical. It is found in Ref. 
(1) that at a distant point P in the absence of the receiving antenna, the radiated 
field arrives from five different paths immediately after the transmitted antenna is 
excited at its feed point O. These paths are (Fig. 1) OP, OAP, OBP, OAOP and 
OBOP. The phases (or delays) of the signals represented by paths OAOP and 
OBOP are the same. Therefore, an observer at P will see only four distinct over- 
lapping signals. However, when a receiving dipole is placed with its center at P, 
each of the pulses (or signals) represented by the five paths mentioned above, will 
induce voltage pulses at the center of the receiving dipole in five different ways, 
since each arriving or incident signal does not necessarily take a single path for 
inducing voltage at the center of the receiving antenna. For example, the incident 
signal represented by the path OAP will enter at P of the receiving dipole A,PB, 
via five different paths, namely, OAP, OAA,P, OAB,P, OAPA,P and OAPB,P, 
before the corresponding voltages are induced at P. Since the paths PA,P and 
PB,P are equal the phase delays of the induced signals represented by OAPA,P 
and OAPB,P are the same. Therefore, the signal which radiates from the point A 
of the transmitting dipole induces four distinct voltage pulses at the center of the 
receiving dipole. In this way, one finds (Eqs 14 and 23) that the induced voltage at 
the center of the receiving dipole consists of 16 overlapping distinct signals. When 
the receiving dipole, instead of being oriented arbitrarily with respect to the trans- 
mitting dipole, is placed at the broadside of the transmitting antenna, the above- 
mentioned 16 distinct voltage signals reduced to 9. 

In Fig. 2 the normalized time-dependent broadside radiated electric field 
Eg(ro, 00 = 2/2, 1)/[VoCF0/(42Z5,r9)], in the absence of or before being disturbed by 
the presence of the receiving dipole, is shown (dotted curve) as a function of a 
normalized time ¢*f), where ¢* = t—rg/c is the retarded time. Along with this 
radiated electric field, the normalized induced time-dependent load voltage 
Vi(7 05 90 9,5 /[Vo/(2BoroQ,] across the terminals of the receiving dipole, which is 
placed broadside (0) = 2/2 = 0,) to the transmitting dipole, is also shown (solid 
curve) as a function of the normalized time 1* f). In this case the lengths of the 
transmitting and the receiving dipoles are one half wavelength at the carrier 
frequency fo, ic. h = / = 0.25e/fo. Since this induced voltage and the incident (or 
radiated) electric field are normalized differently, their amplitudes should not be 
compared. Only their shapes as functions of the normalized time r* fy are signifi- 
cant. Figure 2 shows that for a single-cycle sinusoidal exciting voltage (wy T = 27), 
the radiated electric field before being received by the receiving antenna is extended 
in time to 1.5 cycles, whereas the duration of the induced load voltage across the 
terminals of the receiving antenna is increased to 2 cycles when fA = /. The increase 
in the time duration of the radiated (or incident) signal is caused by the reflections 
of the induced current from the ends of the transmitting antenna. On the other 
hand, the additional time extension of the received voltage pulse is caused by the 
reflection of the incident electric field from the ends of the receiving antenna. It is 
interesting to note that the received voltage pulse has a smoother shape than that 
of the incident elecric field. This observation suggests that during the process of 
reception of the incident field, the receiving antenna integrates the incoming signal 
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Fic. 2. Normalized radiated electric field and received voltage when the antennae are at 
broadside of each other and A = /. 


in some sense. In other words, the receiving antenna acts like an integrating circuit. 
This is true and can be supported theoretically (see Eq. 23). 

Figure 3 shows, using a given set of values of A and /, that when the length of 
the receiving dipole is shorter than the half-wave transmitting dipole (/ < /), the 
duration of the received voltage will be between 1.5 and 2 cycles. It may then be 
inferred that the duration of the received voltage pulse may exceed 2 cycles, if the 
receiving antenna is made longer than 2h. In Fig. 4 a normalized spectrum of the 
received voltage |BoroV(@)| (see Eq. 27), as well as the spectrum of the exciting 
single-cycle sinusoidal voltage with different normalization, are presented as func- 
tions of the normalized frequency f/f). Because of different normalizations, their 
amplitudes should not be compared. This figure reveals another interesting charac- 
teristic of the received voltage pulse, when the transmitter is excited by a single- 
cycle sinusoidal voltage. The maximum energy in the received voltage is delivered 
at a frequency about 25% higher than /). Therefore, the receiver should be tuned 
at about 1.25/5. This phenomenon shows a sharp departure from the tuning 
requirement for the reception of CW signals. It is also shown in (1) that the peak 
value of the spectrum of the radiated electric field from a transmitting dipole occurs 
at a frequency f > fy. However, if the number of cycles in the exciting sinusoid is 
increased, the value f of the peak of the spectrum of the radiated field, gradually 
approaches fp (1). Consequently, it is expected that the spectrum of the received 
voltage will also show a similar behavior. 
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Fic. 3. Normalized received voltage when /</ and antennae are at broadside of each 
other. 


“XN 
iy EXCITING VOLTAGE SPECTRUM 


\ 
\— RECEIVED VOLTAGE SPECTRUM 
O,= 1/2 = 8, 


THESE TWO ARE NORMALIZED 
DIFFERENTLY. THEREFORE ONLY 
THE SHAPES MAY BE OF INTEREST 
THEIR AMPLITUDES SHOULD 

NOT BE COMPARED. 


NORMALIZED SPECTRUM 


\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 


0 05 1 15 2 25 3 35 4 45 5 
NORMALIZED FREQUENCY f/f, 


Fic. 4. Normalized exciting voltage and received voltage spectra. 
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IV. Conclusion 


Characteristics of the voltage across the terminals at the center of a receiving 
dipole placed in the radiation zone of a transmitting dipole which is excited by a 
single-cycle sinusoidal voltage are studied. The behavior of the corresponding 
radiated electric field from the transmitting dipole excited in the same manner was 
investigated previously (1). It is observed that the radiated electric field consists of 
four distinct overlapping pulses with an extended duration of 1.5 cycles. This 
increase in pulse length is caused by the reflections of current from the end points 
of the transmitting half-wave dipole. Each of these four radiated pulses then 
induces four distinct voltage pulses across the terminals of the receiving dipole. This 
mechanism causes additional increase of time duration so that the total duration 
is between I.5 and 2 cycles of the received signal, depending on the length of the 
receiving dipole compared to that of the half-wave transmitter. It is also observed 
that both the processes of radiation from and reception by a dipole antenna take 
place via the respective discontinuities of the dipole concerned. The receiving 
antenna behaves like an integrating circuit so far as the incoming field is concerned. 
Since the spectra of both the radiated and received signals have peaks at a frequency 
higher than the carrier frequency f, of the exciting sinusoidal voltage, the receiving 
antenna should be tuned to a frequency higher (about 25%) than fy. However, if 
the number of cycles in the exciting sinusoid is increased, the peak of the received 
spectrum approaches fy. This phenomenon may be viewed as if the receiving dipole 
is filtering out lower frequencies further during the reception of short pulses. 
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